The interaction of the radioactively labeled purified maltose-binding protein of Escherichia coli with membrane vesicles was studied. The maltose-binding protein bound specifically to the vesicles, in the presence of maltose, on few sites. Under conditions in which a potential was imposed across the membrane, the specific binding was (i) increased, (ii) dependent on maltose, and (iii) abolished in a mutant defective in the tar gene product, one of the methyl-accepting chemotaxis proteins. At least 1,300 binding sites were present in the membrane fraction of logarithmically growing cells.
The maltose-binding protein (MBP) of Escherichia coli is an essential element in maltose transport (13) and maltose chemotaxis (5) . It is a periplasmic protein that can be released from bacteria by the osmotic shock procedure of Neu and Heppel (21) . It binds maltose reversibly with a dissociation constant of 1 ,uM (13, 37) . Maltose binding induces an alteration of the intrinsic fluorescence of the protein (37) , which reflects ligand-induced conformational changes. Maltose transport requires, in addition to the MBP coded for by gene malE, the products of four genes: malF, ma1G, malK, and lamB (24, 31) . The product of lamB facilitates the diffusion of maltose and maltodextrins across the outer membrane and acts as a receptor for phage A (25, 36) . The products of malF and malK are associated with the cytoplasmic membrane (2, 30) . The nature of the malG product still remains unknown.
In bacterial chemotaxis, the chemical stimuli are detected by specific chemoreceptors; more than 20 chemoreceptors have been identified, each specific for one chemical or a group of closely related chemicals. The MBP is the chemoreceptor specific for maltose (5) . Information about receptor occupancy is transmitted to the chemotactic machinery via a set of methylaccepting chemotaxis proteins (MCPs) (33) . These cytoplasmic membrane proteins are products of the tsr (MCPI), tar (MCPII), and trg (MCPIII) genes, each specific for mediating signals from a different set of stimuli. The tar gene product is involved in chemotaxis toward aspartate, maltose, and some repellents (32) . Information from receptors is ultimately integrated and used to control the direction of rotation of the flagella; the che gene products are implicated in this final pathway. The role of binding proteins in transport and chemotaxis suggests a specific interaction of these periplasmic proteins with integral cytoplasmic membrane proteins. Some genetic studies support this hypothesis (1, 34) , but biochemical evidence for such an interaction is scarce. The interaction of the MBP bound to Sepharose with several membrane proteins solubilized with Triton has been reported (14) , but the authors raised the possibility that immobilized MBP may act as an ion-exchange group or as a hydrophobic group causing nonspecific adsorption of some proteins as well as biologically specific binding.
We report in this study a specific binding of purified MBP to E. coli membrane vesicles in the presence of maltose. Under conditions in which a potential is imposed across the membrane, the specific binding of MBP to vesicles is: (i) increased; (ii) dependent on maltose; and (iii) abolished in a mutant defective in MCPII, the tar gene product. [35S]MBP in the first steps of the purification was made with specific antibodies, prepared as described elsewhere (13) .
MATERIALS AND METHODS

Chemicals
Binding of MBP to membrane vesicles. The MBPbinding capacity of membrane vesicles was determined by an assay which utilizes the ligand saturation gel filtration principle devised by Hummel and Dreyer (8) . A plastic column of Bio-Gel P100 (100 to 200 mesh; 10-ml bed volume) was preequilibrated at 22°C with the column buffer: 10 mM Tris (pH 8.1), 2 mM MgSO4, 1 mM 2-mercaptoethanol, 0.1 mM phenylmethylfluorosulfonate, 10 mg of bovine serum albumin per ml, [35S]MBP bound to the membrane vesicles was accumulated as a peak of radioactivity at the void volume where the vesicles emerged. The peak of radioactivity was followed by an equivalent trough caused by depletion of labeled MBP from the column by the membrane vesicles. The amount of MBP bound to the vesicles could be calculated by measuring the amount of radioactivity in the peak and trough. This technique has three advantages: high amounts of membrane can be used in a single experiment; equilibration of the column with labeled MBP prevents dissociation of bound MBP from receptor sites; and nonspecific binding is lowered.
Membrane energization and binding of MBP to energized membranes. Energization of membrane vesicles was realized by a membrane potential produced artificially, as described by Hirata et al. (6): membrane vesicles were first loaded with K+ by incubation at 37°C in 0.5 M potassium phosphate and then transferred to K+-free medium. Addition of the potassium ionophore valinomycin elicited rapid effiux of K+ down the concentration gradient, with the generation of a membrane potential interior negative. Membrane vesicles (5 mg of protein) were incubated 1 h at 37°C in 10 ml of 0.5 M potassium phosphate (pH 6.6). They were then transferred to ice, and MgSO4 was added to 10 mM. After centrifugation, vesicles were rinsed and The tube was allowed to set at 22°C (4 min), and valinomycin was added (1 ,ul, 4 x 10-3 M in ethanol).
Centrifugation was started at different times after valinomycin addition, as indicated in the figures. After centrifugation (2 min at 160,000 x g), the supernatant was aspirated; 200 ,ul of cold water was carefully layered over the tightly packed pellet and aspirated as quickly as possible. The pellet was suspended in 0.1 ml of water and counted for radioactivity in a dioxanebased scintillation mixture. As binding is dependent on a transient membrane potential which lasts less than 2 min after valinomycyn addition, the vesicles must be pelleted in a very short time (it takes 15 s to start the airfuge and a few seconds to pellet these membrane vesicles at 160,000 x g in an A100 rotor with a clearing factor of 11), and radioactivity should not leak out of the membrane pellet once it is packed. (The pellet is very tightly packed, and this is probably the case except for the surface in contact with the supernatant). Short duration of transient potential and partial leak of bound radioactivity may explain some variability in our results.
RESULTS We had to distinguish a binding interaction of MBP with specific sites, related to its biological functions, from nonspecific binding (e.g., to test tubes and nonreceptor membrane structures). We expected that MBP at a high concentration would saturate fully all binding sites related to its biological action. Consequently, it was assumed in binding studies that the amount of [35S]MBP not displaced from the membrane vesicles by such high concentrations of unlabeled MBP was bound in a nonspecific manner. Conversely, the radioactivity displaced by unlabeled MBP was considered to reflect specific binding. Such an experimental strategy is currently used to distinguish specific binding from nonspecific binding in studies of hormone binding to hormone receptors (3). Furthermore, as we thought that maltose might be the signal for a specific binding of MBP to a membrane component, we tested in each experiment the binding duced by K+ efflux is a function of the concentration ratios of K+ on each side of the membrane; addition of K+ to the external medium reduces the amplitude of the membrane potential. Addition of 0.1 M K+ to the external medium suppressed entirely the valinomycininduced MBP binding to the vesicles (Fig. 2 ). With vesicles prepared from a tar mu-potential (Ad) (20) . The proton motive force is paired in the methyl-accepting protein able to drive energy-dependent processes, such essential for maltose chemotaxis, the as the synthesis of ATP, active transport, or of valinomycin failed to induce any bacterial motility, through chemiosmotic, osmo-IP binding, even in the presence of malt-osmotic, and mechano-osmotic coupling. It reale tar gene product seemed necessary for izes an energized state of the cytoplasmic memtose-dependent specific binding of MBP brane, which is involved in such processes as gized membrane vesicles. irreversible adsorption of phage Tl and 4)80 to bacteria (4), phage T4 DNA injection (15), coli-DISCUSSION cin K action (18, 28) , and modulation of adenyis study, we report a specific interaction late cyclase activity (23) . Thus, the proton mourified MBP with membrane vesicles of tive force, or one of its components, affects the With unenergized vesicles, a specific localization, conformation, orientation, or activwas shown on a very low number of ity of some membrane proteins. In our experiinding was dependent on maltose, and ments, the membrane potential affects either the ociation constant was estimated in a 1o-7 accessibility or the affinity of the membrane M range. Since experiments with mu-binding sites for MBP. In chemotaxis, Kahn and 'as not undertaken, we do not know Macnab (12) have presented evidence that the r this binding is related to the transport or proton motive force not only energizes the flaactic function of the MBP. gellar motor, but also regulates its sense of vesicles energized by a transient mem-rotation; Szmelcman and Adler (35) have reporttotential, a transient specific binding was ed an increase of the membrane potential when ed which followed the kinetics of genera-attractants or repellents are added to the bactei dissipation of the membrane potential. ria. Since formation of the maltose-MBP com-)ecific binding occurred on a definite plex and its binding to the membrane occur first of sites; at a [35S]MBP concentration of in the cascade of events that lead to the chemo-*6 M, around 1,300 molecules were bound tactic response, the interaction of MBP with the teria. The dissociation constant was esti-membrane should not be dependent on this in the micromolar range. This specific hyperpolarization for its formation. (27) .
